Abstract-In this paper, we investigate the transmission time of a large amount of data over fading wireless channel with adaptive modulation and coding (AMC). Unlike traditional transmission systems, where the transmission time of a fixed amount of data is typically regarded as a constant, the transmission time with AMC becomes a random variable, as the transmission rate varies with the fading channel condition. To facilitate the design and optimization of wireless transmission schemes for big data applications, we present an analytical framework to determine statistical characterizations for the transmission time of big data with AMC. In particular, we derive the exact statistics of transmission time over block fading channels. The probability mass function and the cumulative distribution function of transmission time are obtained for both slow and fast fading scenarios. We further extend our analysis to the Markov channel, where transmission time becomes the sum of a sequence of exponentially distributed time slots. Analytical expression for the probability density function of transmission time is derived for both fast fading and slow fading scenarios. These analytical results are essential to the optimal design and the performance analysis of future wireless transmission systems for big data applications.
systems design, including spectrum efficiency enhancement of radio access network (RAN), capacity provision of fronthaul/backhaul links, and network architecture improvement for traffic scalability. In this work, we investigate the efficient and reliable transmission of big data over fading wireless channels. In particular, we study the wireless transmission of big data from a transmission time perspective.
Transmission time refers to the time duration required to transmit a certain amount of data and has many important applications in wireless communication system analysis and design. Specifically, transmission time is closely related to the service time in the queuing setup, which is essential to the delay and throughput analysis of various wireless transmission strategies [5] [6] [7] . Transmission time was applied to investigate the extended delivery time of secondary transmission with interweave cognitive radio implementation [8] , [9] . Transmission time also serves as a characterization of channel occupancy. As such, the distribution of transmission time directly affects the collision probability of random access protocols over wireless channels [10] . Furthermore, as the energy consumption of transmitter can be calculated as the product of transmission time and transmit power, transmission time analysis is instructive in designing energy-efficient wireless communication systems [11] [12] [13] . To effectively support big data transmission, the transmission strategies, access protocols, and scheduling policies of future wireless systems need to be adapted or redesigned [14] . Transmission time characterization for big data traffics over fading wireless channel is of critical importance in this process.
Previous works typically assume a constant transmission time for a fixed amount of data [7] , [8] , [10] , [15] . The transmission time over a point-to-point link is typically calculated as the ratio of the amount of data over the transmission rate when the transmission rate is constant. The minimum transmission time with constant-rate transmission can be estimated as H t /(B log 2 (1 + γ)), where H t is the data size, B is the channel bandwidth and γ is the received signal to noise ratio (SNR). Meanwhile, constant-rate transmission becomes inefficient and unreliable when operating over fading wireless channels. Adaptive transmission is an attractive technology to improve the transmission efficiency over wireless channels with guaranteed reliability [16] [17] [18] . With rate adaptive transmission, the transceiver can adjust the transmission rate with the prevailing channel condition, exploring favorable channel condition with higher rate transmission and maintaining reliability with lower rate for poor channel quality. Assuming continuous rate adaptation, authors of [19] derive the distribution function of transmission time over fading channels through a transformation of random variable. Reference [15] analyzes packet transmission time of cognitive radio network with power adaptation considering primary interference constraint. These results, however, are only applicable to the case where data transmission completes with one channel coherence time. On the other hand, the transmission of big data will usually involve multiple channel coherence time, even for slow fading environment. The transformation of random variable approach adopted in [15] and [19] can not apply to the transmission time analysis for big data over wireless channels. To the best knowledge of the authors, the transmission time of a large amount of data over fading channels with rate adaptation has been barely investigated in the literature.
In this paper, we present an analytical framework to investigate the transmission time of big data over fading wireless channels. We consider a generic point-to-point transmission scenario where adaptive modulation and coding (AMC) is adopted. AMC is a practical rate adaptive transmission scheme [20] [21] [22] [23] that can approach the performance of continuous rate adaptation. With AMC, the modulation/coding scheme is adjusted with instantaneous channel condition, while maintaining an acceptable bit error rate (BER) performance. As such, AMC is a suitable candidate for the efficient and reliable transmission of big data over fading wireless channels. Meanwhile, the transmission time becomes random and depends on the channel realization when AMC is applied. To facilitate the delay/throughput analysis and energy efficiency optimization of big data transmission over wireless environment, we develop the complete statistical characterization of the transmission time of big data over fading channels in this work. We first consider block fading channels and derive the exact distribution functions of transmission time for both slow and fast fading scenarios. Then, we generalize the analysis to Markov channel scenario, for which the exact probability density function (PDF) and approximate PDF of the transmission time is derived for slow fading and fast fading scenarios, respectively.
The contributions of this work can be summarized as follow: 1) We propose a general analytical framework for the transmission time of big data with AMC over fading wireless channels. Most previous works assumed constant rate transmission. We generalize the analysis by allowing variable transmission rate, which is especially applicable to big data transmission. 2) The exact distribution functions of transmission time over block fading channels are derived. To reduce the computation complexity, we also obtain an approximate probability mass function (PMF) of the transmission time in fast fading scenario. 3) For Markov channels, the exact PDF of transmission time is derived assuming that data transmission completes within a few channel coherence time, which is applicable for big data transmission over slow fading environment. For fast fading scenario, the approximate PDF of transmission time is also obtained using the Fig. 1 . Illustration of adaptive modulation and coding system over fading channels.
central limit theorem. 4) Selected numerical examples are presented and discussed to illustrate the mathematical formulations. We show that the transmission time of big data with AMC may vary dramatically with the prevailing fading channel condition. These analytical results will greatly facilitate further improvement of wireless transmission schemes for big data applications. The rest of this paper is arranged as follows. Section II introduces system and channel model for big data transmission with AMC. In Section III, we study transmission time over block fading channels. In Section IV, we extend the transmission time analysis to Markov channels. Select numerical results are presented and discussed in Section V. The conclusion is presented in Section VI.
II. SYSTEM AND CHANNEL MODEL
We consider a generic digital transmission system for big data applications operating over flat fading wireless channel, as shown in Fig. 1 . Specifically, the information bits s i are coded and modulated to generate the transmitted signal x(t). The wireless channel introduces flat fading channel gain g and additive white Gaussian noise (AWGN) n(t), which leads to the received signal y(t) = gx(t) + n(t). The receiver tries to recover the information bits from the received signal y(t). We assume that the receiver performs coherent detection on the received signal with perfect channel phase estimate. As such, the instantaneous channel quality is characterized by the instantaneous received SNR defined as γ = |g| 2 Es N0 , where E s denotes the symbol energy and N 0 is the power spectral density of the additive noise.
The transmission system adopts constant-power discreterate adaptation with AMC. In particular, the data rate is adaptively adjusted based on the fading channel quality by using different modulation-coding schemes, while the transmission power remains constant. More specifically, the value range of received SNR is divided into N regions,
. . , N, with γ 0 = 0 and γ N = ∞. When the received SNR γ falls in region A i , the system will use a modulation-coding scheme with data rate R i bits/symbol, i = 1, 2, . . . N. R 1 could be zero to account for the outage state. The boundary SNRs γ i , i = 1, 2, . . . , N − 1, are typically determined such that the instantaneous BER for selected modulation-coding scheme is below a target BER value, denoted by BER tar [24] , [25] . The probability of using transmission rate R i , denoted by π i , can then be calculated as the probability that γ falls into region A i , i.e.
where f γ (·) is the PDF of the received SNR, depending on the chosen fading channel model. To implement AMC, the receiver needs to estimate the received SNR and determine which SNR region it falls into. The receiver then feeds back the index of the chosen modulation-coding pair to the transmitter via an error-free feedback channel. After that, the transmitter and the receiver communicate using the chosen modulation-coding scheme. The modulation-coding scheme selection should be periodically updated according to the prevailing channel quality, usually once every channel coherence time T c . As such, when a large amount of data is transmitted with AMC, the transmission rate may vary during the transmission. The total transmission time will involve multiple channel coherence time. In the following sections, we derive the distribution function of the transmission time for block fading and Markov fading channels.
III. TRANSMISSION TIME ANALYSIS FOR BLOCK FADING
In this section, we consider block fading channel, where the channel gain remains constant for one channel coherence time T c , and varies independently from one T c to another. As such, the transmission time for block fading, denoted by T B tr , consists a sequence of channel coherence time, as illustrated in Fig. 2 . Here, we assume that transmission starts at the beginning of a channel coherence time without loss of generality.
A. Exact Expression
Suppose that data transmission completes over L channel coherence time. The corresponding transmission time, denoted by T B tr,L , is the sum of L − 1 intact T c 's and one partial T c , the length of which depends on the total amount of data H t and the data amount transmitted over first L − 1 coherence time.
Mathematically, the transmission time can be formulated as
where R (L) denotes the data rate used in the Lth T c and H
is the amount of data transmitted over previous L − 1 T c 's. Note that transmission rate over each T c is determined by the corresponding channel realization. Let us assume that, during the first L − 1 channel coherence time, the received SNR falls into region A i total n i times, i = 1, . . . , N, and as such, rate R i is used n i times, where n i 's satisfy that
Applying the block fading assumption, the probability that such channel realization occurs can be calculated as
where (4) helps us arrive at the following PMF of the amount of data transmitted over first L − 1 channel coherence time as
It is important to note that data transmission completes in exact L channel coherence time if and only if the data transmitted over the first
, while rate R k is used in the Lth T c . Noting that rate R k is used in the Lth channel coherence time with probability π k , we can determine the PMF of T B tr , by considering all L values, as
For the special case of L = 1, we have H B L−1 = 0, which leads to
When L = 2, we have
is the rate used in the first T c and equal to R i with probability π i .
The corresponding PMF terms for L = 2 are given by
Conditioning on the number of channel coherence time L and the channel realization vector − → n , the exact CDF of T B tr over block fading channel model, denoted by F B Ttr (t), can be calculated using Eq. (6) as
where
is an indicator function, equal to 1 if x ∈ A and zero otherwise, and − → n is carried over all
As shown in numerical results, we can achieve sufficient accuracy by summing 
Algorithm 1 Calculate
F B Ttr (t) = Pr[T B tr < t] Input H t , T c , π i 's, R i 's Start cdf T tr = 0 for L = 1 : 3L B ave do for N i=1 n i = L − 1 do for k = 1 : N do HLn = T c N i=1 n i R i if H t − HLn ∈ (0, R k T c ] then Pr temp = π k L−1 n1,n2,··· ,nN N i=1 π ni i else Pr temp = 0 end if if (L − 1)T c + Ht−HLn R k < t then cdf T tr = cdf T tr +
B. Approximate Distribution
When the channel introduces fast fading and T c is very short compared to total transmission time, we can arrive at 
Conditioning on channel realization over L channel coherence time and applying the result in Eq. (5), we obtain the approx-
The inner sum in Eq. (11) is carried out over all possible − → n 's satisfying that
IV. TRANSMISSION TIME ANALYSIS FOR MARKOV CHANNEL
In this section, we derive the PDF of transmission time for big data transmission over Markov channels. We assume that the wireless channel can be modeled as a homogeneous continuous-time finite-state Markov chain. We adopt an N-state Markov chain with the ith state corresponding to the event that the received SNR falls in A i , i = 1, 2, . . . , N, as illustrated in Fig. 3 . The sojourn time of the Markov chain in state i is an exponential random variable with average λ i calculated as [26] 
where lcr i denotes the average level crossing rate with respect to boundary threshold γ i . The PDF of the sojourn time in state i is given by The transition rate from state i to its neighbouring states, denoted by q i−1|i and q i+1|i , can be respectively calculated as
It follows that the transition probability from state i to state i − 1 and i + 1 are calculated as
respectively. To implement AMC, the receiver feeds back the index of the new AMC scheme only when the channel moves to a new state. The data rate is invariant while the channel remains in the same state. Transmission time for a large amount of data over Markov channels, denoted by T M tr , is equal to the sum of a sequence of random-length slots (See Fig. 4 ). The CDF of T M tr for a given amount of data H t is formulated, with the application of total probability theorem, as
where T M tr,L denotes the total transmission time when L transmission slots are required to finish transmission and is in general given by
Here R (i) denotes the transmission rate over the ith transmission slot and T (i) the duration of the ith slot, which are modeled as independent but not identically distributed exponential random variables for Markov channels. Note that L transmission slots are required to finish transmission if and only if the data transmitted over first L−1 transmission slots is less than H t and that transmitted over L slots is larger than H t . Therefore, the joint probability
The corresponding PDF of T M tr is given by
We now derive the PDF/PMF of the transmission time when L transmission slots are used, denoted by f M tr,L (t), for slow fading and fast fading scenarios separately.
A. Slow Fading Scenario
When the channel fading is slow and the amount of data transmitted in one transmission slot is larger than H t , only one transmission slot is needed. The transmission time T 
Conditioning on that the received SNR falls into A i , we have R (1) = R i and T (1) is an exponential random variable with average λ i . The PMF can be determined as
The overall PMF can be written in a PDF form as 
R (2) . Accordingly, the CDF of T M tr,2 is formulated as the joint probability of three events
We proceed by conditioning on the channel realization and rewrite T M tr,2 as
The first joint probability, denoted by F + (t), can be further rewritten as
Note that given the channel was in state i in the first transmission slot and then transit to state i + 1 in the second slot, the duration of the first slot T (1) will be an exponential random variable with average λ i and that of the second slot T (2) will be another exponential random variable with average λ i+1 . Therefore, applying the PDFs of T (1) and T (2) , F + (t) can be calculated as
Similarly, the other joint probability denoted by F − (t) can be calculated, while noting that T (2) will be an exponential random variables with average λ i−1 , as
After substituting Eq. (26) and Eq. (27) into Eq. (24) and taking derivative with respect to t, the PDF of transmission time when two transmission slots is needed to finish data transmission is given by
The number of transmission slots depends on the average length of each slot λ i , i = 1, 2 · · · , N, the amount of data to be transmitted H t , and transmission rate used R i , i = 1, 2 · · · , N. If the channel introduces slow fading and the transmission rate is high, transmission will most likely complete over two time slots. For example, for slow fading environment, λ i may have average values of several seconds. If the transmission rate R i are in the order of Gbps, then the system can transmit several Giga bits over a few slots. Therefore, the overall PDF of the transmission time for slow fading environment can be approximated by f 
B. Fast Fading Scenario
For the fast fading case, the number of transmission slots required to finish data transmission can be very large. In this case, the CDF of
denotes the amount of data transmitted over the first L − 1 slots. To proceed further, we again condition on the channel realization. Let us consider a particular channel realization over L transmission slots, where the channel stays in state k in the Lth slot. As such, R (L) will be equal to R k based on the mode of operation and T (L) will be an exponential random variable with mean λ k . Suppose also that rate R j used n j times over the first L−1 slots, where
L−1 will be the sum of n 1 random variables with PDF f T1 (t), n 2 random variables with PDF f T2 (t), …, and n N random variables with PDF f TN (t). Furthermore, H M L−1 will be the sum of n 1 random variables with PDF f T1 (t/R 1 )/R 1 , n 2 random variables with PDF f T2 (t/R 2 )/R 2 , . . . , and n N random variables with PDF f TN (t/R N )/R N . These relationships apply to all channel realizations that leads to the same vector − → n = [n 1 , n 2 , . . . , n N ] and the same channel state in Lth slot. By conditioning on the channel realization leading to the same − → n and Lth slot state, we arrive at Eq. (30) shown at the top of this page.
state k in the last slot, is challenging to calculate exactly, due to the correlation between channel state over subsequent transmission slots. In the following, we assume that the number of transmission slots is large and as such, the possible channel realizations lead to the same vector − → n are huge. Then the joint probability Pr[ − → n & slot L in state k] can be approximately calculated by neglecting the correlation as
(33)
After substituting Eq. (31) and Eq. (33) into Eq. (30), taking derivative with respect to t and much manipulation with the help of [27] , we obtain the PDF of the transmission time when
where the analytical expression of f . We can achieve satisfactory accuracy by taking summation over L ∈ [1, 3L
M ave ] as shown in numerical examples.
V. NUMERICAL RESULTS
In this section, we present selected numerical results to illustrate the mathematical formulations and verify the analytical approach. We adopt broadband video downloading, which accounts for more than half of mobile data traffic currently [28] , as a target application. Specifically, the wireless system is transmitting a high-quality movie file with size in the order of Gbits. We assume a wideband transmission system with a channel bandwidth of 500 MHz, which supports a symbol rate of 500 Msps, applicable to millimeter wave (mm-wave) and ultra wide band (UWB) systems. The AMC scheme is adapted from LTE standard [29] , where the value range of received SNR is divided into five regions. The first region corresponds to no transmission and the remaining four regions correspond to AMC transmission modes with date rate whereγ is the average received SNR and f D is the Doppler shift. The probability that transmission rate R i is used can be calculated by Eq. (1) accordingly. samples are also presented with black circles. We first observe that the analytical result matches the simulation result well. As such, the approximate solution can serve an effective As the number of required channel coherence time L gets larger, the approximation becomes more accurate. To examine the effect of the number of AMC transmission rate, we introduce another AMC implementation, where two more transmission rates are used with R 5 = 0.5879 Gbps and R 6 = 1.3653 Gbps. The corresponding received SNR. thresholds are γ 5 = 2.7 dB and γ 6 = 10.37 dB, respectively. AMC implementation with more transmission rates can take advantage of relatively better channel condition, which reduces the average value of transmission time. However, when the average received SNR is large, higher rate AMC schemes are frequently used for both AMC implementations. As such, the improvement becomes less significant.
VI. CONCLUSION
In this paper, we proposed an analytical approach to investigate the transmission time of big data with AMC over wireless channels. When the amount of data becomes massive, the transmission will experience variable channel quality, and as such, different transmission rate with AMC. We derived the exact PMF and CDF of the transmission time under block fading channel model. Then we generalized our analysis to continuous-time Markov channel. The distribution functions of the transmission time for slow and fast fading environments are obtained. While previous work assumes constant transmission time for a fixed amount of data, we observe that transmission time of big data varies drastically around its average.
Transmission time characterization for big data will be essential to the optimal design and performance analysis of future wireless transmission systems for big data applications. The queuing delay performance for wireless transmission of big data can be evaluated following similar steps in [8] with the first-order and second-order statistics of transmission time. With proper model for the blockage process of mm-wave links, the analytical result of this work can directly apply to evaluate the impact of blockage on the throughput of mm-wave system. On-going effort is to apply these statistical results to design energy efficient communication system. The effect of outdated channel state information (CSI) on the transmission time is another interesting future research direction.
are two linear combination of L − 1 independently nonidentically distributed exponential random variables T l , l = 1, · · · , L − 1. We approximate that T
